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Extraction of collagen from fresh connective tissue in various aqueous media 
and  the  influence  on  extractibility  of factors such  as  age,  growth  rate,  and 
vitamin C deficiency have been the subject of a  number of descriptive studies. 
Little is known concerning  the mechanism of the observed solubility changes. 
The amount of collagen extracted  from skin in acid buffers such as citrate, 
pH 3.5, is diminished with  age (2, 3) and in scurvy (2). The amount of collagen 
extracted in cold neutral salt solutions is a  direct function of growth rate and 
is considerably reduced with loss of body weight (4). Rapid growth, which in- 
creases the amount of this collagen fraction in the skins of normal guinea pigs, 
will not do so in scorbutic animals (5). 
It has been postulated  (6-9)  that the collagen fraction extracted from skin 
in  cold  neutral  or mildly alkaline  salt  solutions  is  newly synthesized  and  is 
spontaneously  aggregated  to  form  cross-striated  fibrils  in  the  extracellular 
ground  substance.  A  plausible in vitro  model  of fibrogenesis is  the  observed 
precipitation  of  fibrils  (characteristic  of  the  native  tissue)  as  a  gel,  which 
occurs on warming cold neutral  salt solutions  of collagen  (7,  8,  10-12).  The 
present  study represents  a  further exploration of the  behavior of this  model 
system and offers a possible explanation for the growth and age related changes 
in solubility of fresh tissue collagen in neutral and acidic media. 
Preparation of Materials 
Three different collagen preparations in cold neutral NaC1 solution were used  :- 
Calf Skin Collagen, Extracted in Dilute Acid.--Acefic  add extracts  were prepared  and 
analyzed as described elsewhere (11). Dried material contained 12.9 per cent hydroxyproline, 
0.9 per cent tyrosine, 1.0 per cent hexose, and 0.2 per cent hexosamine. The extracts were 
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first dialyzed against cold phosphate buffer (ionic strength 0.4, pH 7.6),  then against  0.45 
NaC1, and the clear viscous solutions centrifuged again at 80,000 g for 1 hour. Other prepa- 
rations were dialyzed against 0.14 ~t NaC1 after dialysis against cold phosphate solution. 
Guinea Pig Collagen, Extracted in Cold Neutral Salt Solutions.--The pooled fresh dermis 
from actively growing guinea pigs, 200 to 250 gm. in weight, were ground cold and extracted 
for 24 hours at 3°C. in 2 volumes (v/w) of 0.45 ~ NaC1. The extract was separated and clarified 
by centrifugation and filtration. The composition of such crude extracts was described earlier 
(13). They contain considerable amounts of non-coUagenous  material; only about 30 per cent 
of the extracted material is collagen. 
Purified Collagen, Isolated  from Neutral Extracts of Guinea Pig Dermis.--The third collagen 
preparation was isolated from a portion  of the crude extract used above and purified by a 
TCA-ethanol procedure previously described (13).  Two preparations were used, one purified 
once and a second  cycled twice through the same process.  The purified collagen was dissolved 
in 0.43 M NaC1 containing phosphate of ionic strength 0.02, at pH 7.6. Analysis of a similar 
preparation  (13)  obtained by a  single passage  through  the purification procedure revealed 
13.6 per cent hydroxyproline, 0.6 per cent tyrosine,  <0.1  per cent hexosamine, and 0.5 per 
cent hexose.  The preparation processed twice resulted in a  reduction of tyrosine to 0.4 per 
cent  and  hexose  to  0.3  per  cent.  The  specific  optical  rotation  of  this  preparation  was 
[~1~, -366 °. 
Procedures 
Two to five ml aliquots of solution were incubated at 37°C. in a water bath and the change 
in opacity (in arbitrary units)  measured  at 2 to 30 minute intervals.  Gelation occurred in 
all cases at about 100 on the scale. The maximum opacity achieved varied with the different 
preparations. 
The  amount  of  collagen becoming  insoluble  was  measured  by  sedimentation  in  the 
model L Spinco preparative ultracentrifuge at 80,000 g for 1 hour at the temperature required 
for the particular experiment. The sediment was dialyzed free of salt, dehydrated in acetone, 
dried  in t~suo  over P905, and  weighed.  Because  of precipitation  of  non-collagenous  ma- 
terial on  warming crude  tissue extracts,  undissolved  collagen was measured  in the super- 
natant  solutions by  estimation of hydroxyproline by the method  of Newman  and  Logan 
(14).  Similar analyses of the supernatant  were used as a  check in some of the experiments 
employing purified collagen. 
EXPE]~IMENTAL 
Reversibility  of Heat  Gelation.--Incubation  of  a  preparation  of  calf  skin 
collagen dissolved in cold neutral 0.45 •  NaC1  at 37°C. produced an increase 
in opacity following the sigmoid type curve shown in Fig.  1. In this instance 
maximum opacity was reached in 10 to 20 minutes. Ten minutes after reaching 
maximum opacity the tube was placed ill an ice water bath (2°C.); this caused 
a rapid fall in opacity to the original starting value with concurrent liquefac- 
tion.  Centrifugation of the clear solution at 80,000 g for 1 hour yielded only 
very small sediment, amounting to 10 to 13 per cent of total collagen, whereas 
most of the collagen (85 to 90 per cent)  was sedimented on centrifugation of 
the opaque gel at 37°C.  (Table I, column 2). 
Similar reversibility was demonstrated for the crude neutral salt extract of 
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Purified collagen isolated from the guinea pig skin extract behaved like the 
relatively pure calf skin preparation. 
Effect  of Incubation  Time  on Rerersibility.--A  series of tubes of calf skin 
collagen in cold 0.45 ~r NaCI were incubated at 37°C. for progressively longer 
periods of time, then cooled in an ice bath at 2°C. for 7 hours. It is evident from 
Fig.  1  that with time of incubation at the higher temperature there was a 
steady diminution in degree of reversibility. After 48 hours of incubation only 
a  relatively small fall in opacity was obtained on cooling. All samples incu- 
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Fio. 1. Effect  of time of incubation at 37°C. on rate and extent of solubilization  on cool- 
ing. Calf ~kl, collagen  pH 7.4, r/2 =  0.45. A, 20 minutes at 37°C.; B, 1 hour; C, 3 hours; 
D, 5 hours; E, 24 hours; F, 48 hours; G, 72 hours; H, 72 hours; (control, not cooled). 
bated beyond 30  minutes remained gelled on cooling although  they differed 
in final opacity. 
After a  relatively constant opacity in the ice bath had been obtained, the 
amount of undissolved collagen in the different samples was estimated; the 
results indicated that the fall in opacity actually was due to solubilization and 
not just to a  physical change in the solid phase. The weight of precipitated 
material was found to be directly related to the length of incubation at 37°C. 
(Table I, 2nd column). This experiment was repeated on aliquots of the same 
starting solution dialyzed against 0.14 ~  NaC1  at the same pH. As observed 
previously (11),  the final opacity achieved on warming was lower at the lower 
ionic  strength.  The  extent  of reversibility was  also  reduced  at  lower ionic 
strength.  This particular  experiment was reported  briefly elsewhere  (1):  At 
1'/2  --  0.45,  nearly complete reversal  (87 per cent) occurred on cooling after 
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obtained at P/2  =  0.14,  the length of time in the ice bath being the same in 
the  two  cases.  The  observation  of  major  importance,  however,  is  that  the 
same progressive loss of reversibility with time of incubation was noted. 
Similar experiments were made using crude NaC1 extracts of guinea pig skin 
and  also  the purified collagen isolated therefrom.  When  the whole  crude ex- 
tract was used (Fig. 2) the amount of collagen insoluble after cooling was de- 
termined indirectly by hydroxyproline analyses on  the supernatant  solutions 
obtained after sedimenting the gels. The per cent of collagen remaining insolu- 
TABLE I 
Change in Reversibility of Heat Precipitation of Collagen at Neutral pH with Time of Incubation 
Collagen insoluble at 2"C. 
Calf skin  Guinea pig skin  Guinea pig skin 
Time of incubation  Acetic acid extract  Crude extract  Purified collagen* 
at 370C. 
NaCI  NaCI  NaC! 
0.45 M  0.14 "u  0.45 u"  0.45 u-  0.14 tt 
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* Collagen isolated from crude NaC1 extract. 
ble after cooling, as a  function of time of previous incubation at 37°C.  is re- 
ported in the 4th  column in Table I  and can be correlated with the opacity- 
time curves illustrated in Fig. 2. In another experiment, a  gel which had been 
incubated at 37°C.  for 24 hours, after a  small initial fall in opacity on cooling, 
showed no change after standing at 2°C. for 3 days. 
The influence of ionic strength of the medium was checked in the following manner: A 
crude NaC1 extract (F/2 =  0.41) was divided in half; one portion was dialyzed against buffer 
at F/2  =  0.41, pH 7.6, (PO4, F/2  =  0.02; NaCI, F/2  =  0.39), while second was dialyzed 
against PO4--NaC1,  r/2  =  0.14, pH 7.6. One tube of each preparation was incubated at 
37°C. for 2 hours, then cooled at 2°C. for 24 hours. Results are reported in Fig. 3. The sample 
at F/2 =  0.41 behaved in the same manner as shown in Fig. 2 and that at F/2 =  0.14 showed yERO~  oltoss  219 
markedly diminished  reversibility. In the two control preparations which  were  incubated 
for 24 hours at 37°C. and not cooled, nearly all the collagen was precipitated. 
The effect of time of incubation on reversibility of heat gelation using the 
purified collagen from  the crude guinea pig extract was  checked in the usual 
way at F/2  =  0.45  (Fig. 4) and 0.14 (Fig. 5). The same time-related decrease 
in solubility of the gel was  observed. Here,  again, it was  noted  that only 54 
per cent of the collagen redissolved on cooling after 20 minutes of incubation 
at the lower ionic strength as compared with 94.5  per cent at the higher salt 
concentration (Sth and 6th columns of Table I). However, even after 48 hours 
of incubation at 37°C. relatively considerable amounts,  32 and 56 per cent of 
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Fzo. 2.  Effect of time of incubation at 37°C. on rate and extent of solubilization on cool- 
ing. Crude 0.45 M NaC1 extract of guinea pig skin. A, 20 minutes at 37°C.; B, 1 hour; C, 3 
hours; D, 6 hours; E, 24 hours; F, 48 hours; G, 72 hours; H, 72 hours; (control, not cooled). 
the gels, redissolved on cooling for 19 hours. These data indicate a  lower rate 
of conversion to insoluble form at 37°C. for the highly purified collagen. 
Effect of Incubation  Time at Neutral pH on Solubilization  of the Gel in Acid 
Citrate Buffer.-- 
A series of gels were prepared from neutral phosphate solutions of calf skin and allowed 
to incubate at 37°C.  (under  toluene)  for successive time intervals up to 8 weeks. Without 
disturbance of their shape the gels were placed in dialysis  bags in equal volumes of cold citrate 
buffer (0.1 M, pH 3.5) and dialyzed against large volumes of buffer for 24 hours.  The con- 
tents of the bag were  then  centrifuged; the superuatant  solutions  were  analyzed for hy- 
droxyproline and  the sediments desalted, dried, and weighed.  The same experiment was 
repeated on the crude NaC1 extract of guinea pig skin, and on the collagen isolated there- 
from.  Duplicate samples were run in all experiments except those using purified guinea pig 
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Results  are reported in Table II. Gels formed from calf skin collagen solu- 
tions when incubated  at 37°C. for periods up to 1 week, left no sedimentible 
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FzG. 3.  Effect of ionic strength  on reversibility of heat precipitation  of collagen in crude 
neutral  saline extract.  Starting  material  was 0.45 u  NaC1 extract  of guinea pig skin.  0, 
samples dialyzed  against  0.41 ~r NaC1.  O,  samples dialyzed against  0.14 ~¢ NaCl.  Solid 
lines are samples cooled for 24 hours after 2 hour incubation at 37°C. Dotted lines are control 
samples not cooled but incubated continuously at 37°C. for 24 hours. 
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Fzo. 4.  Effect of time of incubation  on reversibility of heat precipitation.  0.45 it NaCI 
solution of highly purified collagen from crude NaC1 guinea pig skin extract  used in experi- 
ment documented in Figs. 2 and 3. A, 20 minutes; B, 3 hours; C, 48 hours. 
residue after subsequent dialysis against cold citrate. After 2 weeks of incuba- 
tion,  however,  nearly all  the  collagen  remained  undissolved  at  the  acid  pH 
(column 1, Table I).  Gels prepared from crude NaC1 guinea pig skin extracts 
also  showed  a  progressive  decrease  in  solubility  in  acid  citrate  with  time. 
However, in this case solubility began to diminish after 24 hours of incubation, JEROMe- GROSS  221 
and the material became completely insoluble after 2  weeks. The percentages 
of collagen converted to the insoluble form in preparations at hypertonic and 
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FIo. 5. Same experiment as illustrated in Fig. 4 except that collagen is dissolved in 0.14 
ic NaCI. Note larger proportion  of irreversibly precipitated  collagen than in the higher ionic 
strength system. A, 20 minutes; B, 1 hour; C, 3 hours; D, 24 hours; E, 48 hours. 
TABLE  II 
Change in Solubility of Collagen Gel in Cold Citrate (Acid pH) with Time of Previous Incubation 










3  " 
4  " 
8  " 











87.2  4- 0.2 
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84.1  .4-0.9 
92.0 -4-  1.0 
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93.9  -4- 0.9 
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Values in first three columns are the average of duplicates and the range between them. 
* Collagen isolated from crude NaCI extract. 
physiologic ionic strengths are shown in Table II. It is to be noted that about 
64 per cent of the total amount of collagen remained insoluble even after very 
short periods of incubation at 37°C., probably because of immediate complex- 
ing with acidic high polymers in the  crude extract at  the low pH.  Insoluble 
complexes  with  nucleic acids  or  acid  mucopolysaccharides do  not  occur  at 222  ~0RMATION  0B COLLAGEN.  m 
neutral pH (Gross, data unpublished).  Gels of the highly purified coUa~en de- 
rived from the crude saline extract of guinea pig skin behaved in a  mauner 
similar to that of the less pure calf skin solution except that conversion to the 
insoluble form was not as complete after 3 weeks of incubation (Table II~. 
A possible complication in these last  experiments might  have resulted from bacterial 
growth. The products of some microorgardsms  are known to form insoluble complexes  with 
collagen at low pH (15). As a check on the appearance of bacterial products in gels ino,- 
bated under toluene at 37°C. for 3 and 8 weeks, hexose and hexosamine  were determined in 
the dried salt-free insoluble collagen residues. Duplicate samples were dissolved in hot 1 N 
HC1 and ultraviolet absorption spectra recorded. The data were compared to measurements 
made on starting material. In the calf skin collagen preparations an actual loss in hexosamine 
and negligible change in hexose  were noted in the incubated precipitated collagen; apparently 
precipitation at 37°C. had further purified the starting material. Ultraviolet absorptions at 
2600 and 2800 A were also diminished. The gels made from purified collagen that had been 
isolated from guinea pig skin extracts  showed increased ultraviolet absorption at 2600 A 
amounting to an increment of less than 0.2 7  of nucleic acid per rag. of solid (assuming all 
the absorption was due to DNA although no discrete peak was observed). There was no differ- 
ence in the absorption spectrum between the 2 and 3 week samples. Thus. there was very 
little evidence of sirnificant bacterial contamination. 
DISCUSSION 
Gross, Highberger, and Schmitt (7) reported that heat-precipitated collagen 
(from neutral  solution)  did not redissolve on cooling under the conditions of 
their  experiments.  Occasional  unexplained  instances  of partial  resolution  of 
gels on cooling were subsequently noted.  Recently Fessler  (16)  has observed 
that  one of three fractions he obtained from neutral,  salt-extracted  collagen 
showed completely reversible heat precipitation.  The present study indicates 
that the bulk of the collagen extracted in cold neutral solutions is capable of 
reversible heat precipitation provided it stands for only short periods of time 
in fibril form. 
The mechanism responsible for solution  of collagen on cooling is itself  of 
some interest. Negative temperature coefficients of gelation and precipitation 
have been noted in some solutions  of synthetic polymers and proteins  (17). 
Lauffer  (18)  very recently reported  reversible heat  precipitation  of  tobacco 
mosaic  virus  protein  and  suggested  that  solution  at  low  temperature  may 
depend upon increased competition of water for polar groups on the protein 
because  of increased  hydrogen bonding  capacity of water molecules  at  low 
temperature. This is a reasonable explanation for the same phenomenon in the 
collagen system. 
Loss of solubility with  time of some precipitated  synthetic high  polymers 
and certain inorganic compounds such as aluminum hydroxide is well known. 
Gelatin aggregates show, after standing for increased periods of time, dimin- 
ished tendency to swell and a higher melting point (19). The rapid time-related 
decrease in solubility of collagen fibrils precipitated from crude tissue extracts JEROME GROSS  223 
and from solutions of the purified  protein suggests that this phenomenon may 
have biological significance. A possible explanation for this phenomenon is the 
increasing  perfection of fit between rigid,  sterically specific and identical mole- 
cules, facilitated by Brownian movement, within the loosely aggregated struc- 
ture. The more time allowed for the molecules to find their most stable associa- 
tion the more closely packed the aggregate becomes as water is forced out and 
the more numerous and strong become the intermolecular cross-links  of non- 
covalent nature (hydrogen bonds, salt bridges, van der Waals forces). Whether 
the  insoluble collagen  is precipitated  irreversibly in  the  true  sense  or is  in 
equilibrium with the dissolved phase and is manifesting  a  decreasing  rate of 
solution is not determined conclusively.  It is quite possible,  that in crude ex- 
tracts and in tissues, interaction with non-collagenous  material may contribute 
to the decrease of solubility, in addition to the interaction between collagen 
molecules.  The most highly purified collagen preparations used here exhibited 
a slower rate of conversion to insoluble form than did the somewhat less pure 
calf skin preparation  or the crude skin extract  (the latter two behaved simi- 
larly). Also, there was an earlier appearance of insolubility in citrate, of the gel 
formed from a crude extract than from the purified  materials. 
The time-dependent solubility changes observed in v/tro suggest a  possible 
mechanism  for the rapid  disappearance  of neutral,  salt-extractable  collagen 
from  the  skin  of non-growing  guinea  pigs,  presuming  that  synthesis  ceases 
when growth ceases. Recently formed fibrils would become almost completely 
insoluble within  24 hours if collagen  behaves in vivo as it does in v/lro. The 
diminished  extractibility  of  collagen  in  dilute  acid  buffers  with  increasing 
age of the animal (2, 3) could be explained on a similar  basis.  Growth rate in 
guinea pigs diminishes  considerably after 6 to 8 months of age,  hence collagen 
synthesis would be expected to decrease. Orekhovitch  (2)  observed a  sharp 
decline  in  amount  of  citrate-extractable  collagen at about this age. Collagen 
formed at the end of the growth period becomes insoluble at acid pH with time. 
The  observation that  cold hypertonic neutral  salt  solutions extract  more 
collagen from skin than do isotonic media (7, 13) may also be explained  by the 
phenomena reported here. Decrease in solubility of recently precipitated fibrils 
in cold isotonic media occurs much more rapidly and to a greater degree than 
in  hypertonic  media.  This  would be expected if electrostatic forces  are  in- 
volved in intermolecular linkage.  It suggests the possibility that  collagen  ex- 
tracted  at  physiologic  ionic  strength  may  be  a  more  recently  synthesized 
fraction than  the material  extracted at  the higher salt concentration  (which 
would,  of  course,  include  it). 
All  available evidence is consistent with  the assumption  that  the  soluble 
skin collagen fractions wkick can form fibrils in vitro, extracted in the various 
neutral,  acid,  and  alkaline  media  differ primarily in  their  in  vivo  state  of 
aggregation, but probably not in composition. The newly formed collagen forms 224  FORMATION  Ol~  COLLAGEN.  III 
a  looser,  less stable fibrillar  array than  the older.  Cold neutral  solutions are 
weaker dispersing  agents for collagen than are acidic media; thus they extract 
the  more  recently formed,  poorly integrated  fibrils.  Acid  solutions  extract 
these plus older fibrils. According  to this interpretation  the insoluble fraction 
is  composed of fibrils  too well stabilized to come apart  even in acid milieu. 
With cessation of growth and  the passage of time the mixed tissue collagen 
progressively shifts to the more stable insoluble state. 
It  seems likely  that  the  bulk  of  the  neutral  salt-extractable  collagen  in 
ground substance is  organized  in loose fibrillar,  or two or three dimensional 
aggregates,  rather  than in molecular dispersion.  However it is unlikely that 
such structures would be more than 24 hours old, and quite possibly they are 
much "younger."  This, of course,  does not exclude  the possible presence of a 
small  fraction of extractable collagen in molecular dispersion,  perhaps includ- 
ing Fessler's fraction "B" (16) which does not readily form fibrils in vitro. 
In its broader aspect the rapidly decreasing  solubility of structurally specific 
aggregates of macromolecules in vitro may be a model system for certain fea- 
tures of biologic aging of the organism.  Bjorksten (20) has proposed that in- 
creasing insolubility and other changes in physical properties of tissue with age 
may reflect  the  influence  of cross-linking  agents.  Gustavson  (21)  has  gone 
further in suggesting  that intramolecular  change such as production of alde- 
hyde groups by oxidation or carboxyl groups by deamidation may result in 
"self tanning." A third possibility is proposed here; loss of solubility in certain 
macromolecular  systems may  depend  primarily  on  the  establishment  with 
time  of  more  stable  sterically  organized  aggregates  bonded  by increasing 
numbers of secondary cross-links. Biologic systems which may depend for their 
function  on  intermittent  associations  between certain  categories  of macro- 
molecules may be lost or impaired as a result of excessively prolonged contact.  1 
SUMMARY 
Precipitation (or gelation)  of collagen from cold neutral salt solution induced 
by warming was shown to be reversible on subsequent cooling. The degree of 
reversibility of heat precipitation rapidly diminished with time of incubation 
at 37°C.  For calf skin  collagen  (acetic acid-extracted)  and  guinea  pig skin 
collagen  (crude NaC1 extract) in neutral salt solutions (1~/2 =  0.45) roughly 
90 per cent of newly formed gel redissolved on cooling at 2°C.; less than 20 per 
cent redissolved on cooling gels previously maintained at 37°C. for 24 hours. 
At  physiologic  ionic  strength  the  same  preparations  exhibited  much  more 
rapid development of irreversible precipitation, but the same time dependence 
was  clearly evident.  Highly  purified  collagen  from  crude  saline  extracts  of 
guinea  pig  skin  exhibited  the  same phenomenon  although  the  quantitative 
aspects were somewhat different. 
1 The author wishes to thank Miss B. Dumsha and Mr. Joseph Fitzpatrick for their tech- 
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Solubility in cold citrate, pH 3.5,  of heat-precipitated collagen also showed 
graded  time dependence of  reversibility. The purified collagen gels  required 
incubation for 1 to 2  weeks at 37°C. before they became insoluble. Gels pro- 
duced from crude saline  extracts of guinea pig skin began to lose their solu- 
bility at acid pH after 24 hours  of previous incubation at 37°C. becoming at- 
most completely insoluble in 2 weeks. 
These phenomena,  seen in vitro,  provide a  possible explanation for differ- 
ences in extractibility of collagen from skin and for the solubility changes as- 
sociated with growth and aging. It is suggested that the steadily diminishing 
solubility of precipitated fibrils with time is, at least in part, a  result of the 
interacting collagen molecules finding their most  stable  state  of association, 
involving secondary cross-linking forces. 
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